Abstract: The chemical analysis of market-available white oat cultivars allows for their optimized use for processing, consumption, and in blocks of crosses. The purpose of this study was to evaluate the performance of white oat cultivars with regard to grain chemical content, to estimate the correlation between these traits, and to select potential REMAP markers for marker-assisted selection. Fifteen cultivars, grown in three environments, were evaluated for the contents of proteins; lipids; total, insoluble, and soluble dietary fiber; β-glucan; and carbohydrates. Eight cultivars were analysed with REMAP markers. The cultivars Brisasul and UPFA Gaudéria presented higher contents of β-glucan, while cultivars URS 21 and URS 22 had higher protein contents. For animal feed, the cultivars Barbarasul and FAPA Louise stood out with high lipid contents. Positive correlations between the contents of lipid and total dietary fiber, protein and insoluble dietary fiber, and total dietary fiber and insoluble dietary fiber were constant in different environments. Also, carbohydrate content was negatively correlated with protein, total dietary fiber, insoluble dietary fiber, and lipid content. A total of thirteen REMAP combinations were selected for variability studies regarding lipid and β-glucan contents.
Introduction
White oat (Avena sativa L.) grain is destined for human and animal consumption and provides components for industrial applications. For many years, oat breeding programs selected genotypes based on the performance of agronomic traits, prioritizing yield and stress tolerance (Peterson et al. 2005; Martinez et al. 2010) . Currently, nutritional quality is also being proposed as an important property in the selection of genotypes (Yan and Frégeau-Reid 2008) , in view of the potential of exploitation of this cereal and the need to adapt to different oat consumer markets.
The grains of this crop have high protein quality and lipid content with a predominance of unsaturated fatty acids and suitable carbohydrate content, with a high proportion of dietary fiber, including most importantly β-glucan, aside from components with antioxidant properties Marshall et al. 2013; Sikora et al. 2013; Biel et al. 2014) .
For the human diet, grains with lower levels of saturated fatty acids are preferred, and rich in protein and fiber, especially β-glucan, which is related to a reduction in cholesterol and blood sugar, weight loss, as well as cancer prevention (Peterson et al. 2005; Lazaridou and Biliaderis 2007; Bae et al. 2009; Hooda et al. 2010; Daou and Zhang 2012) . In contrast, when oat grain is destined for animal nutrition, a high caloric value is required, with particularly high levels of lipids, protein, and carbohydrates, and lower fiber content (Yan and Frégeau-Reid 2008; Martinez et al. 2010; Hizbai et al. 2012) .
When used as human food, oat grains can be consumed directly in the form of flakes, bran or flour, or as a constituent of other products (e.g., in muesli, cereal bars, cakes, cookies, and yogurts) (Rasane et al. 2013 ). The industry is also interested in isolating certain constituents of oat grains to exploit them on a commercial scale. For instance, the food and food supplement industry is interested in extracting β-glucan from oat grains, to incorporate it as ingredient in the composition of fiberenriched products (Vasanthan and Temelli 2008) .
The chemical characterization of Brazilian oat cultivars is extremely important to identify the qualitative and nutritional potential of cultivars released on the market, both for processing and consumption and for the inclusion of these in crossing blocks. The selection strategy for parents and lines must take into account multiple traits considered targets for plant breeding programs (Yan and Frégeau-Reid 2008) . In this sense, the understanding of positive and negative associations between target traits is of paramount importance.
The use of dissimilar parents increases the probability of genetic gain in artificial selection of segregating populations. Retrotransposon-microsatellite amplified polymorphism (REMAP) markers are useful for the detection of variability in species with narrow genetic base, since they detect polymorphism among retrotransposons and microsatellite regions (Kalendar et al. 1999 ). These markers have been efficient in studies of variability and phylogeny of different species, such as rice (Branco et al. 2007 ), alfalfa (Abdollahi Mandoulakani et al. 2012) , wheat (Nasri et al. 2013) , and maize (Kuhn et al. 2014) .
The purpose of this study was to evaluate the performance of white oat cultivars with regard to grain chemical content, to estimate the correlation between these traits, and to select potential REMAP markers for marker-assisted selection.
Materials and Methods

Chemical characterization
The experiment was conducted in 2010 in the municipality of Capão do Leão (environment 1) and in 2011 in Capão do Leão and Passo Fundo (environments 2 and 3, respectively). Fifteen cultivars were assessed (FAPA Louise, URS FAPA Slava, URS Taura, URS Torena, URS 21, Barbarasul, URS 22, URS Charrua, URS Guapa, Brisasul, FAEM 4-Carlasul, FAEM 5-Chiarasul, FAEM 6, UPFA Gaudéria, and URS Guria) in a randomized complete block design with three replications. Each replication consisted of one plot, where oat sown at a density of 250 viable seeds m −2 in rows spaced 0.20 m apart was evaluated in an area of 3 m 2 . The soil of the experimental area was prepared according to recommendations of the Brazilian Oat Research Committee (Lângaro and Carvalho 2014) , and liming and fertilization with macronutrients (NPK) were applied as indicated by the levels observed in the soil analysis to meet the crop requirements for a grain yield of approximately 2 t ha −1 . After the reproduction cycle of the plants ended, the grains of the evaluated area of the plots were harvested, threshed, and stored separately (per replication) under refrigeration (12°C) for later chemical analysis.
The traits related to the chemical composition of the evaluated oat grains were: protein, lipids, total dietary fiber (TF), soluble dietary fiber (SF), insoluble dietary fiber (IF), β-glucan, and carbohydrate content (from which the total dietary fiber content is subtracted).
Grain samples were dehulled by hand and ground in a Wiley mill (Marconi, Piracicaba, Brazil) with a 0.5 mm sieve, resulting in a total of 7 g of ground material. The ground material was analyzed in a near-infrared reflectance spectrometer (NIRS), Perstorp Analytical, model 5000 (Maryland, USA), at the Center for Food Research of the University of Passo Fundo.
The calibration curves for the determination of chemical quality traits of white oat grains in NIRS were constructed at the Physicochemical Laboratory of Cepa, using software Infrasoft International NIR Systems 1996 , version 4.0 (ISI 1996 (AACC 2010) . The NIRS readings were performed in triplicate and the results expressed in g 100 g −1 , on a dry basis.
Molecular analyses
Molecular analyses were performed on cultivars URS FAPA Slava, URS Taura, URS 21, Barbarasul, Brisasul, FAEM 4-Carlasul, FAEM 5-Chiarasul, and FAEM 6. Seeds were placed in distilled water-soaked germination paper rolls (germitest). The rolls were kept in a germination chamber type BOD, with a daylength of 12 h, at 20°C, for 10 d before leaf tissue was collected. DNA extraction was performed using the CTAB method (Saghai-Maroof et al. 1984) . After DNA quantification, PCR reactions were performed using GoTaq ® Green Master Mix (Promega), according to the protocol indicated by the manufacturer. Amplification was performed on a touchdown type amplification: an initial denaturing step of 94°C for 5 min, followed by 35 cycles using a denaturation temperature of 94°C for 1 min. Annealing was obtained with a decrease of 1°C in each cycle (from 62 to 55°C) and an extension temperature of 72°C for 1 min was used. After amplification, a final extension at 72°C for 10 min was used. Amplification products were separated in 6% polyacrylamide gels and stained with silver nitrate (Creste et al. 2001) .
REMAP primer sequences are shown in Table 1 . Terminal conserved regions (LTRs-Long Terminal Repeats) of oat (Avena sativa L.) retrotransposons OARE-1 (AB061327) and Cassandra (AY271960.1) were used for primer design. For the Avena strigosa retrotranposon TAS-1 (AJ269530.1) the primers were designed on the ends of the available sequences, since no LTR sequence was available at the time. A total of six ISSR primers were designed on dimer microsatellites. Twenty REMAP combinations were evaluated. These combinations were selected from a previous screening made in our group (data not shown) between genotypes contrasting for b-glucans and between genotypes contrasting for lipid content.
Statistical analysis
First, a variance analysis was performed considering as repetition (block) the average of each cultivation environment. For the characters that presented significant differences among the cultivars, a Scott-Knott clustering analysis was performed.
Later, a descriptive data analysis was performed to analyze the cultivar performance regarding each different environment of cultivation. A score for the cultivars based on the average performance on three environments was used.
Cultivars were scored according to their performance regarding the three environments as follows: high content (H) when showing the content for one trait higher than the mean plus one deviation, in all environments; low content (L), when showing the content for one trait less than the mean minus one standard deviation in all environments; medium content (M), when showing values between the mean minus one standard deviation and mean plus one standard deviation in at least two environments; medium high (MH), when showing high content in at least two environments; and medium low (ML), when showing low content in at least two environments.
A Pearson correlation was also performed to estimate the association of traits. These analyses were performed using the SAS software (Statistical Analysis System 1999, version 9.3) (SAS 1999) .
For the molecular data, 0 and 1 scores were used in the construction of a binary matrix. Combinations producing polymorphic markers were selected. In order to calculate the similarity values, a coefficient of simple coincidence ("simple matching") defined by the formula Table 1 . List of primers used in the genetic distance analysis of eight oat cultivars.
Description
Primer sequence
, where the numerator represents the sum of positive and negative matches, and the denominator, the total sum of bands (Sokal and Michener 1958) . From the distance matrix, a dendrogram was built using hierarchical clustering (UPGMAunweighted pair group method with arithmetic mean).
The fitting between the distance matrix and the dendrogram was estimated using the cophenetic correlation coefficient (r) (Sokal and Rohlf 1962) . These analyses were performed using the NTSYS pc 2.1 software (Rohlf 2000) .
Results and Discussion
In Table 2 , one can observe the results of the variance analysis, considering as repetition (block) the average of each cultivation environment. No significant differences were observed among the cultivars for the characters protein, and soluble and insoluble fibers.
For the remaining characters which presented significant differences among the cultivars, a Scott-Knott clustering analyses was performed (Table 3) . For all characters there was a formation of two groups. No cultivar was superior for all characters.
The highest amplitude was observed for β-glucan contents. It should be mentioned that this quantitative trait is influenced by environmental factors (Holthaus et al. 1996; Cervantes-Martinez et al. 2001 ) and this fraction of the fibers can range from 3 to 8 g 100 g −1 in oat grains (Gutkoski and Trombetta 1999; Crestani et al. 2012; Asoro et al. 2013; Redaelli et al. 2013) . Lipid content ranged from 5.80 to 7.57 g 100 g −1 .
Previously, lipid values ranging between 7.12 and 8.77 were found (Hawerroth et al. 2013) . A subset (six) of genotypes used were also present in this work. Differences in lipid content can be accounted by genotype and environmental changes between both studies (Martinez et al. 2010; Crestani et al. 2012; Hawerroth et al. 2013) . A small but significant variation was observed for total fiber content, indicating the cultivars FAEM 4 Carlasul, FAEM 6, URS Guria, and URS Torena with lower contents.
For carbohydrate content, FAEM 6 presented the highest values, grouping together with FAEM 4 Carlasul, URS Guria, URS FAPA Slava, and URS Torena. Table 4 shows the mean ± standard deviation for the traits protein, lipids, total dietary fiber (TF), insoluble dietary fiber (IF), soluble dietary fiber (SF), β-glucan, and carbohydrates, separately for the three environments.
The mean protein content across the three environments was close to 16.5 g 100 g −1 . Previous reports have described mean values of 13.7 g 100 g −1 for Polish genotypes (Biel et al. 2014) , and around 18 g 100 g −1 for
Brasilian and North American oat cultivars (Doehlert et al. 2013; Hawerroth et al. 2013) . Mean lipid contents of 7.05, 6.26, and 6.43 g 100 g
were observed in the environments 1, 2, and 3, Note: SV, source of variation; DF, degrees of freedom; CV, coefficient of variation; ** and *, significant at p ≤ 0.01 and p ≤ 0.05, respectively. Note: Values with lowercased letters in the column differ by the Scott-Knott test. ** and *, significant at p ≤ 0.01 and p ≤ 0.05, respectively.
respectively. Contents between 6 and 9.4 g 100 g −1 were previously reported (Peterson et al. 2005; Crestani et al. 2012; Doehlert et al. 2013) . In this experiment, the mean TF values were around 9 g 100 g −1 . Higher levels were reported elsewhere The SF fraction varied little among cultivars, with means around 3.5 g 100 g −1 , in the environments 1, 2, and 3. Previously, a mean SF of 5.33 g 100 g −1 was reported in a group of 15 cultivars (Gutkoski and Trombetta 1999) . One should bear in mind that, for many years, oat breeding programs focused on higher yields, resulting in increased grain weight and size, as a result of the higher starch accumulation, without a proportional increase in fiber content. The β-glucan fraction in the oat grain is one of the main components that make oat beneficial for human health. The mean contents in the studied cultivars were 5.39, 4.30, and 4.11 g 100 g −1 of β-glucan in environments 1, 2, and 3, respectively. The carbohydrate fraction represents the non-structural carbohydrates in grains, consisting mainly of starch, which indicates the energy value of grains. The mean carbohydrate contents varied from 65.02 g 100 g The cultivars were characterized for every trait in high content (H), low content (L), medium content (M), medium high (MH), and medium low (ML) based on their performance in three cultivation environments (Table 5) .
Brisasul stood out with a high β-glucan content in all three environments and was characterized as high content. For the other traits this cultivar was always classified as medium. This cultivar stood out with a low height, lower lodging index, and a high grain yield (Costa de Oliveira et al. 2011) .
The cultivar UPFA Gaudéria had a similar performance to Brisasul. It also stood out with a high β-glucan content in all three environments.
The total fiber content of cultivar FAEM 4 Carlasul was always low. For cultivar FAEM 5 Chiarasul, the values for all the studied chemical constituents were medium. It should be emphasized that aside from high yield potential, this cultivar also had high grain quality for industrial processing . Also, for the cultivars URS Charrua and URS Guapa, the concentrations of the chemical constituents were medium.
The carbohydrate content of cultivar FAEM 6 was medium high. This cultivar has a high 1000-grain weight (Lângaro and Carvalho 2014) , which is reflected in a greater accumulation of reserves. However, the grain protein of this cultivar was constantly low.
The cultivar FAPA Louise had high lipid content, high TF content, and medium high IF content. This cultivar also had high lipid contents in the growing seasons of (Hawerroth et al. 2013 .
Cultivar Barbarasul had a particularly high lipid content in all three environments in which it was evaluated. Oats grain with high lipid content is desirable when the purpose is to feed animals, due to the high caloric content (Martinez et al. 2010; Hizbai et al. 2012) . This cultivar has a high yield and hectoliter weight (Carvalho et al. 2009 ).
URS Guria had medium low lipid content and was medium for all the other constituents. URS Torena also had medium low lipid content, but had low TF and medium low SF content.
The cultivar URS FAPA Slava had medium high soluble fiber content, but medium low β-glucans, a kind of soluble fiber. URS Taura had medium high IF, but medium low SF content.
The cultivars URS 21 and URS 22 had medium high protein contents. These cultivars can be included in crosses with cultivars Brisasul and UPFA Gaudéria (both rich in β-glucan) to breed segregating populations with the chemical quality of grains for human consumption, with high protein and β-glucan contents.
In the phenotypic correlation coefficients (Table 6) , differences were observed both in the magnitude and significance of the coefficients and among the experiments, although some correlations remained constant. The objective of calculating the Pearson correlation coefficients in oat cultivars grown in different locations and years was to detect which of the chemical In all three experiments, the variable carbohydrate remained significantly and negatively correlated with the variables protein, lipid, TF, and IF, which is in line Note: **, *, significant at p ≤ 0.01 and p ≤ 0.05, respectively, by the t test. ns, non-significant.
with previous reports (Peterson et al. 2005; Crestani et al. 2012; Biel et al. 2014) .
Negative correlations between carbohydrates and the other chemical contents suggest that the rise in starch content was not accompanied by an increase in proteins, lipids, IF, and TF. In addition, since the contents are estimated proportionally, a "dilution" of these occurs, resulting in smaller percentages. The amylose content, starch constituent together with amylopectin, was negatively correlated to protein content (Hang et al. 2007) .
A negative correlation between carbohydrate and β-glucan was reported for some oat lines (CervantesMartinez et al. 2002) . In this study, no correlations between carbohydrate and β-glucan content were observed and the correlation between carbohydrate and SF was significant only in plants grown in Capão do Leão (2011) .
In all experiments, the lipid and TF contents had a significant positive association. For proteins and IF, a positive correlation in all experiments was also observed, as a result of the interest of breeders to find high-quality oat grains for human consumption. The correlation between TF and IF was constantly significant, with magnitudes above 0.9, which is explained by the fact that the IF fraction is a constituent of the TF portion.
The β-glucan content was significantly and positively associated with IF in the 2011 experiments in Capão do Leão and Passo Fundo. β-glucan content had no constant correlations with other traits among the experiments. In barley, the β-glucan content remained positively correlated with protein content throughout selection (Hang et al. 2007) . A correlation between β-glucan and proteins would be extremely interesting for breeding programs aimed at oat grains for human consumption, but in the experiments in question, this association was not observed. This association was also undetected when 150 Canadian oat lines were evaluated (Yan and Frégeau-Reid 2008) .
The results showed that some chemical components of oat grains are strongly correlated. It is a useful piece of information, since the selection for a given trait can predict the behavior of other correlated traits. In breeding programs, correlation between characters is a useful piece of information that predict if a selection for one character will cause simultaneous changes in others characters (Falconer and Mackay 1996) .
Based on the clusters generated by the Scott-Knott analysis (Table 3 ) and the polymorphisms found with REMAP markers, a bulk segregant-like analysis was performed, trying to find markers that separate contrasting genotypes regarding chemical constituents of the grains. This was used with the intent of find markers potentially linked to grain quality, but that would need further validation. Markers were tested in eight cultivars, selected from the different phenotypic classes of grain chemical traits.
Since REMAP markers are multiloci, only bands discriminating genotypes belonging from different groups in the Scott-Knott procedure were selected. Only for β-glucan and lipid content, it was possible to find contrasting markers. The selected combinations and the approximate size of polymorphic fragments can be observed on Table 7 . Table 7 . Primer combinations that produce the best separation of genotypes, according to differences in β-glucan and lipid contents.
Trait
Primer For β-glucan content, nine REMAP primer combinations generated ten polymorphic bands between groups, enabling the clustering of cultivars in two large groups (Fig. 1) , where FAEM 4 Carlasul, FAEM 6, and URS FAPA Slava were separated from the remaining genotypes. In the Scott-Knott test, these cultivars clustered in the group b, with lower β-glucan content.
For lipid content, eight primer combinations, with eleven polymorphic bands, separated the cultivars in two major groups (Fig. 2) , similar to the clusters formed by the Scott-Knott test. In maize, the use of REMAP markers also enabled the separation of groups of genotypes with contrasting grain lipid content (Kuhn et al. 2014) .
The similarity of clusters generated by the Scott-Knott test, for grain lipid and β-glucan contents, and the clusters generated by the molecular analyses suggest the potential use of these REMAP combinations in studies of genetic variability regarding these chemical traits.
No cultivar was superior for all traits related to nutritional grain quality. In the cultivars Brisasul and UPFA Gaudéria, higher β-glucan contents were found. On the other hand, URS 21 and URS 22 stand out for protein accumulation in the grains. The cultivars Barbarasul and FAPA Louise are recommendable for animal feeding in view of the high lipid content. Positive correlations between the contents of lipid and total dietary fiber, protein and insoluble dietary fiber, and dietary fiber and insoluble dietary fiber are constant in selected genotypes. The carbohydrate content is negatively correlated with protein content, total dietary fiber, insoluble dietary fiber, and lipid. A total of thirteen REMAP combinations were selected for variability studies regarding lipid and β-glucan contents. 
